The mammalian Crx genes are highly divergent orthodenticle (otd)-related homeogenes that play important roles in the differentiation of retinal photoreceptors and the circadian entrainment. However, their evolutionary origin and orthological relationships with other otd-related genes remain unclear. An orthology relationship of these genes with the highly conserved Otx5 genes identified in fish and amphibians, and also expressed in the eye and epiphysis, has been proposed previously but remains controversial. To test this hypothesis, we have identified Crx genes in a wide range of mammals, including three marsupials, and Otx5-related genes in a lizard, a turtle, and two archosaurs (crocodile and chick), as well as in the pufferfish. Phylogenetic analyses of the coding sequences show that the mammalian Crx genes are orthologous to the Otx5-related genes isolated in other gnathostomes. They also indicate that a duplication event has taken place in actinopterygians, after the splitting of the Cladistia, and that a relaxation of the structural constraints acting on the gene coding region has occurred early in the mammalian lineage. This process may be linked not only to the loss of ancestral Otx5/Crx functions during gastrulation or in the retinal pigmented epithelium, but also to the evolution of photic entrainment mechanisms in mammals.
Introduction
In vertebrates, orthodenticle (otd)-related homeodomain genes (Otx) are involved in multiple aspects of head development, including the early specification of anterior neuroectoderm, the regionalization of the forebrain, and the morphogenesis of sense organs (Acampora, Gulisano, and Simeone 2000) . Among jawed vertebrates, three orthology classes, Otx1, Otx2, and Otx5, which have emerged after the splitting of the cephalochordates and before the gnathostome radiation, have been identified (Williams and Holland 1998; Germot et al. 2001) . Whereas Otx1-related and Otx2-related genes have been identified in all major gnathostome taxa, the Otx5 class remains more poorly characterized. Otx5 genes showing highly conserved coding regions have been characterized in cartilaginous and ray-finned fish (dogfish, reedfish, and zebrafish), as well as in amphibians. These genes share highly conserved expression domains in the pineal gland and the eye, in addition to more variable expression sites such as the olfactory placodes in the dogfish, the cement gland in X. laevis, or the balancers in P. waltl (Kuroda et al. 2000; Vignali et al. 2000; Germot et al. 2001; SaukaSpengler et al. 2001; Gamse et al. 2002; Sauka-Spengler et al. 2002) . In line with these expression features, the zebrafish DrOtx5 gene is essential for the transactivation of pineal genes showing a circadian gene expression (Gamse et al. 2002) . Despite this important role, unambiguous orthologs have not been reported in amniotes so far.
The evolutionary origin of the highly divergent otdrelated Crx genes, which have been isolated in the rat, mouse, human, and ox, is another unresolved question. These genes have aroused much interest in the past few years both because of their essential roles in the differentiation of retinal photoreceptors and circadian entrainment (Furukawa et al. 1999 ) and because of their involvement in various hereditary retinal degenerations in humans (reviewed in Rivolta, Berson, and Dryja 2001) . Phylogenetic constructs and site-by-site comparisons of protein sequences have led to the hypothesis that Crx genes may be the mammalian representatives of the Otx5 class (Germot et al. 2001; Sauka-Spengler et al. 2001) . However, the hypothesis of a single Otx5/Crx class is contradicted by the isolation in zebrafish of both DrOtx5 and a putative ortholog of the mammalian Crx genes, DrCrx (Liu et al. 2001; Gamse et al. 2002) . Whereas the zebrafish Otx5 gene shows a strongly supported sequence relationship with its amphibian counterparts (Gamse et al. 2002) , the grouping of DrCrx with the mammalian Crx sequences is less clear. No monophyletic group containing these two sequences is retrieved in one study (Gamse et al. 2002) , and another study shows only a poorly supported relationship (Sauka-Spengler et al. 2001 ). In the latter study, the suggestion has been raised that the grouping of the zebrafish and the mammalian Crx sequences in a monophyletic group may be artifactual, resulting from the high divergence of their protein sequences rather than from a true orthology relationship. Such an artifact could be caused by a phenomenon known as ''long-branch attraction,'' commonly encountered when dealing with divergent sequences. Its resolution usually relies on the addition in the reconstructions of ''intermediate'' sequences, which emerge at the transition between slow-evolving and fast-evolving sequences (Philippe 2000) .
The origin of the mammalian Crx genes and their relationship with the Otx5 class are important issues in the understanding of their structural and functional evolution. They are also crucial for the use of relevant nonmammalian animal models in this field. To resolve these questions, we have performed an exhaustive search for both Otx5 and Crx genes in a wide range of species representative of the main amniote lineages (the lizard Gallotia stehlini; the turtle Emys orbicularis; the crocodile Crocodylus niloticus; the chick Gallus gallus; three marsupials, Monodelphis domestica, Macropus eugenii, and Isoodon macrourus; and four eutherian mammals, the sloth Bradypus tridactylus, the wild-cat Felis sylvestris, the pangolin Manis javanica, and the squirrel Sciurus vulgaris) and in the pufferfish Fugu rubripes genome database. Phylogenetic analysis of the coding sequences resolves the relationships among Otx5 and Crx genes, thus providing new insights into their structural and functional evolution.
Materials and Methods

Isolation of Otx5 and Crx Coding Sequences in Amniotes
Fragment I ( fig. 1A ) was amplified and characterized as described in Germot et al. (2001) . The 59 part of the coding region was amplified using a seminested semidegenerate RT-PCR approach. The 59 primer was 59-CCNCAYTAYGCNGTNAA-39, which codes for PHYAVN (positions 9 to 14 [ fig. 1B ]), and specific 39 primers were chosen in the sequence previously determined for fragment I. Amplified fragments were subcloned and sequenced. Sequences were deduced from the consensus of at least three independent clones. As a control, both fragment I and the 59 part of the coding region were amplified in a single RT-PCR step and sequenced in each case.
Database Searches
Amphioxus and gnathostome Otx sequences were retrieved from GenBank as described in Germot et al. (2001) , as well as the zebrafish sequences DrOtx5 (AAK62029) and DrCrx (AAM27445). The pufferfish F. rubripes FrOtx5a and FrOtx5b coding sequences were retrieved using the BLAST algorithm from http:// www.ncbi.nlm.nih.gov/BLAST/fugu.html, respectively, from genomic scaffolds 5499 (positions 3042 to 2943, 2161 to 2007, and 1917 to 1278) and 2954 (positions 2030 to 2126, 2882 to 3033, and 3209 to 3847) . Blast searches in the mouse and human genomes were performed starting from the NCBI genome blast page at http://www. ncbi.nlm.nih.gov/BLAST.
Phylogenetic Analysis
The alignment and phylogenetic analyses were performed as described in Germot et al. (2001) , except for the following modifications. Neighbor-Joining (NJ) distances were computed by the method of Rzhetsky and Nei (1994) , using the a value (c shape parameter) of the best maximum-likelihood (ML) tree. The likelihood, branch lengths, and RELL proportions of the 2,000 trees constructed with PROTML were recomputed using PAML (Yang 2000) with the JTT-f1ÿ model to obtain the best ML tree and the bootstrap proportions. For the tests of topologies, exhaustive sets of strictly dichotomous trees were generated from the multifurcating topologies used as hypotheses (see online Supplementary Material). These sets were compared using the Shimodaira-Hasegawa test implemented in PAML with the JTT-f1ÿ model (Shimodaira and Hasegawa 1999).
Results and Discussion
Characterization of Otx5 and Crx Sequences in Amniotes and in the Pufferfish To identify Otx5-related and Crx-related genes in the species studied, we first used the degenerate PCR strategy previously described, starting from genomic DNA (Germot et al. 2001 ). This strategy relies on the use of degenerate primers, which encode protein motifs conserved among all chordate Otx proteins, respectively, located in the homeodomain (VWFKNR and AKCRQQ) and at the C-terminal end of the molecule (WKFQVL). As expected, this led to the amplification of fragments ranging in size from 550 pb to 600 pb (fragment I [ fig. 1A] ). In all species studied, cloning and sequencing of 10 to 20 independent clones led to the characterization of either Otx5-related or Crx-related coding sequences, as well as Otx2 sequences (which were also obtained with the strategy used [data not shown]). In some of the species studied (G. stehlini, E. orbicularis, C. niloticus, G. gallus, and M. domestica), the characterization of full-length coding sequences could be almost completed in a second RT-PCR step, starting from eye cDNA. In these species, the sequenced fragment (fragment II [ fig. 1A ]) spans the full length of the coding sequence, with the exception of 13 to 14 N-terminal amino acids and six C-terminal amino acids.
The deduced amino acid sequences obtained in the lizard, turtle, crocodile, and chick appear highly similar to the dogfish, reedfish, and zebrafish Otx5 sequences (respectively, 84%, 83%, 80%, and 73% identity with the dogfish ScOtx5 sequence versus 54%, 54%, 55%, and 51% with the human HsCrx sequence). These sequences were therefore termed GsOtx5, EoOtx5, CnOtx5, and GgOtx5, respectively. Among mammals, the sequences determined in eutherians (B. tridactylus, F. sylvestris, M. javanica, and S. vulgaris) show a close relationship to the rat, mouse, human, and ox Crx sequences previously characterized (respectively, 90%, 93%, 85%, and 99% identity with HsCrx but less than 43% in all cases with ScOtx5) and were termed accordingly (BtrCrx, FsCrx, MjCrx, and SvCrx). The sequences characterized in the marsupials M. domestica, M. eugenii, and I. macrourus are equally related to Otx5 and mammalian Crx protein sequences (respectively, 57%, 51%, and 49% with ScOtx5 and 56%, 51%, and 50% with HsCrx). They were 1B ]) with eutherian Crx proteins. In addition, searches for similarities with Otx5 and Crx coding sequences in the pufferfish F. rubripes genome database revealed the presence of two Otx5-related coding sequences, showing, respectively, 75% and 65% identity with ScOtx5 but only 52% and 48% identity with HsCrx. These two sequences were termed FrOtx5a and FrOtx5b. Searches for Otx5-related coding sequences were also performed in the human and mouse genome databases but only led to the identification of the previously characterized Otx1, Otx2, and Crx sequences and, in the human genome, identification of an Otx2-related pseudogene located on the chromosome 9 (contig NT 008580.10, positions 7636086 to 7636539) showing features of a processed retrogene (39 truncation, presence of three stop codons in the coding sequence and of a poly (T) tail, and absence of introns [data not shown]). No canonical Otx5 sequence was thus retrieved from the mammalian genomes.
Phylogenetic Analyses Support the Presence of a Single Otx5/Crx Orthology Class in Gnathostomes
To study the phylogenetic relationships among Otx5 and Crx genes, we included all gnathostome Otx5 and Crx protein sequences in an alignment also containing the Otx1-related and Otx2-related sequences previously characterized in gnathostomes, the lamprey and hagfish sequences, the Amphioxus BfOtx sequence, and the ascidian HcOtx, HrOtx, CsOtx, and CiOtx ( fig. 5 in the online Supplementary Material). The ascidian sequences were always found clustered in a monophyletic group, which was used as an outgroup. Phylogenetic analyses of these sequences were successively performed over fragment I (257 sites, 234 of which informative for parsimony [ fig. 2] ) and fragment II (345 sites, 257 informative for fig. 3] ), using NJ, maximum-parsimony (MP), and ML algorithms.
As in previous analyses, the relative branching orders of the genes identified in cyclostomes remain largely unresolved, but the Otx1 and Otx2 classes are retrieved with good confidence levels (Otx1: 50%, 71%, and 91% [ fig. 2A -C] and 68%, 72%, and 89% [ fig. 3A -C]; Otx2: 62%, 88%, and 100% [ fig. 2A -C] and 73%, 91%, and 100% [ fig. 3A-C]) . In all the reconstructions, a monophyletic group containing all gnathostome Otx5 and Crx sequences is also recovered with strong statistical supports (bootstrap proportions [BP] 5 75%, 62%, and 98% [ fig.  2A -C] and 91%, 76%, and 100% [ fig. 3A -C] in the NJ, MP, and ML analyses, respectively), which fully confirms the previously reported relationship between Otx5 and Crx genes (Germot et al. 2001; Sauka-Spengler et al. 2001) . Inside this class, the branching orders are largely similar in the two data sets used (fragments I and II) but can vary depending on the reconstruction method. However, three monophyletic groups are retrieved with good statistical supports in all six reconstructions. First, the marsupial and eutherian Crx sequences are always found clustered as two strongly supported sister-groups. This mammalian Crx monophyletic group is supported by very high bootstrap values (>90%) in all cases, confirming the assignment of all the mammalian sequences obtained in this study to the Crx class. The phylogenetic relationships among eutherian sequences remain largely unresolved, except for the early emergence of the sloth BtrCrx sequence, which receives a good statistical support (BP 5 84%, 61%, and 100% in NJ, MP, and ML analyses, respectively [ fig. 2] ), in agreement with recently published phylogenies of mammals (Madsen et al. 2001; Murphy et al. 2001) .
The second monophyletic group, which is recovered whatever the data set and reconstruction method used, contains the mammalian Crx and the archosaurian (crocodile and chick) Otx5 sequences as sister-groups. This grouping is supported by high bootstrap values in ML (respectively, 96% and 90% [figs. 2C and 3C)], but lower values in NJ and MP (respectively, 56% and 41% [ fig. 2A and B] and 71% and 45% [ fig. 3A and B]). It is not unexpected in the hypothesis of a single Otx5/Crx class, since several molecular studies have led to a similar clustering of archosaurs and mammals (Hedges, Moberg, and Maxson 1990) . However, the phylogeny of amniotes remains largely unresolved (Zardoya and Meyer 1998) and in this study, the statistical support for a group containing archosaurs and mammals remains relatively low, especially in NJ and MP analyses.
Finally, a third monophyletic group, containing the zebrafish Otx5 and Crx sequences as well as the two sequences retrieved from the pufferfish genome database figure 2 , except for the tree parameters. The NJ tree was constructed with a 5 0.7. The MP tree is the strict consensus of the five most parsimonious trees (length 5 1458; RI 5 0.693; CI 5 0.602). The likelihood of the best ML tree was lnL 5 27656.0.
The Otx5/Crx Orthology Class in Gnathostomes 517 (FrOtx5a and FrOtx5b), emerges in all our tree reconstructions with very good statistical supports in NJ and ML analyses (respectively, 80% and 99% [ fig. 2A and C] and 77% and 100% [ fig. 3A and C]) but a lower one in MP (respectively, 58% and 65% [figs. 2B and 3B]). Inside this group, the zebrafish Crx and the pufferfish Otx5b sequences appear closely related (BP 5 77% and 87% in MP [figs. 2B and 3B]; BP . 96% in all other reconstructions), which strongly supports an orthology relationship between these genes. The clustering of the four teleostean genes indicates that they have arisen through duplication events, which have occurred among actinopterygians, after the splitting of the Cladistia (the earliest emerging group in actinopterygians, represented in our phylogenetic reconstructions by the reedfish EcOtx5 sequence). In line with this conclusion, an increasing amount of evidence suggests that massive gene duplications have occurred in this taxon, even though their chronology remains elusive (Robinson-Rechavi et al. 2001) .
In order to directly compare the hypothesis of a single Otx5/Crx class in gnathostomes to the one recently proposed (two distinct gnathostome Otx5 and Crx orthology classes [Gamse et al. 2002] ), we generated two exhaustive sets of strictly dichotomous trees, both consistent with widely accepted phylogenetic relationships among gnathostomes, and each representing one of these two scenarios (see fig. 6 in the online Supplementary Material). Since the lamprey and hagfish sequences display highly variable branching orders in the tree reconstructions, only gnathostome Otx sequences were included in this analysis. The Amphioxus Otx sequence was used as an outgroup. These two sets were tested using the Shimodaira-Hasegawa (SH) method (Yang 2000) . The best ML tree obtained in the hypothesis of distinct gnathostome Otx5 and Crx classes (lnL 5 24815.8) was rejected with a very high probability (P-value of the SH test 5 20.002) in favor of the best ML tree obtained in the hypothesis of a single Otx5/Crx class (lnL 5 24773.6). The SH test thus strongly rejects the hypothesis of two distinct Otx5 and Crx classes.
The Otx Tail Is Repeated in Crx, as in Otx5 Proteins, but One Copy Is Degenerate in Zebrafish and Eutherian Mammals
In all deuterostomes, otd-related proteins share a 12 to 13 amino acid motif known as the Otx tail close to their C-terminal end (Furukawa, Morrow, and Cepko 1997) (fig. 1B) . This motif plays an important role in Crx proteins, since its deletion results in a substantially decreased (albeit not abolished) transactivation of photoreceptor-specific genes by Crx (Chau et al. 2000) . It is part of a longer conserved domain that displays a tandem duplication in all gnathostome Otx1, Otx2, and Otx5 as well as in lamprey and hagfish Otx proteins (domains A and B in fig. 1A ). In contrast, a single copy is present in protochordates and echinoderms. The presence of this repeat is thus an important phylogenetic hallmark, which provides strong evidence that craniate Otx genes have arisen through the duplication of a single ancestral gene, after the splitting of cephalochordates (Williams and Holland 1998; Germot et al. 2001) . However, its presence in Crx proteins remains controversial. We have previously proposed that two copies of the Otx tail are present in eutherian Crx proteins, although the first one (positions 304 to 316) is degenerate (Germot et al. 2001 ). This hypothesis is fully confirmed by the marsupial Crx sequences obtained in this study, since they display almost perfect tandem repeats that can be readily aligned with their eutherian counterparts (domains A and B in fig. 1B) . Similarly, despite a broad deletion in its C-terminal region (positions 328 to 335), the N-terminal residues (positions 317 to 327) of domain B, which contain a truncated second copy of the Otx tail (positions 324 to 327), can be recognized in the zebrafish Crx sequence. Protein sequence analysis of its putative pufferfish ortholog FrOtx5b, which contains both domain A and domain B, with full-length copies of the Otx tail ( fig. 1B) , supports this conclusion. Taken together, these data indicate that the C-terminal repeat characterized in all craniate Otx proteins is also an ancestral feature of Crx proteins, which has been partially lost in eutherians and in some teleosts through independent genetic events. This result provides an additional argument in favor of a recent origin of Otx5/ Crx genes, from a gene duplication event that has occurred after the splitting of cephalochordates but before the gnathostome radiation. Whether the degenerate copy of the Otx tail could contribute to the residual transactivation activity observed in mouse Crx proteins after the deletion of the canonical second copy remains to be assessed (Chau et al. 2000) .
Structural Evolution of Otx5/Crx Protein Sequences in Gnathostomes
The comparative analysis of Otx5 and Crx sequences among a wide range of gnathostomes provides a mean to accurately identify the constraints acting on their primary structure. Residues, which are strictly conserved among all Otx5 and Crx proteins, can be identified inside (49 residues) as well as outside (46 residues) the homeodomain, suggesting an involvement not only in protein/DNA contacts but also in protein/protein contacts ( fig. 1B) . Most of these residues are also conserved in the other orthology classes, Otx1 and Otx2. In an attempt to identify constraints specifically acting on the Otx5/Crx class, we first searched residues, which are selectively conserved among the canonical Otx5 proteins, characterized in fish (ScOtx5, EcOtx5, and FrOtx5a), amphibians (PwOtx5, XlOtx5a, and XlOtx5b) and amniotes (GgOtx5, CnOtx5, GsOtx5, and EoOtx5). , possibly due to the large number of species considered and the presence of relatively divergent sequences, such as the chick GgOtx5 sequence. However, the majority of these residues are strictly conserved among the mammalian Crx sequence (nine out of ten [ fig. 1]) . Most of them are also found in the zebrafish Crx sequence and its ortholog FrOtx5b (six out of ten). This result provides an additional support for the orthology relationship between Otx5 and Crx genes and suggests that the residues thus identified might correspond to constraints selectively acting on Otx5 and Crx proteins.
The high divergence observed between the canonical Otx5 proteins characterized in chondrichthyans, amphibians, sauropsids, and their mammalian Crx counterparts raises the possibility that different structural constraints may act in these groups of species. In line with this possibility, a number of residues, which are highly conserved in Otx5 but also in Otx1 and Otx2 proteins, appear to vary or change identity among mammalian Crx proteins (for instance, positions 15, 22 to 23, 113 to 114, 182, 226, 231, and 233) . This suggests that a relaxation in the structural constraints acting on Otx5/Crx proteins may have occurred early during mammalian evolution. Whether novel, group-specific constraints may have been fixed among mammals remains difficult to address formally but is suggested by the relative homogeneity of the sequences observed, for instance, among eutherians.
The biological significance of the constraints acting on Otx5/Crx proteins and of their evolution in mammals remains to be addressed by detailed analyses of structurefunction relationships, and their understanding at the molecular level will require an exhaustive characterization of the interactions, either protein-protein or DNA-protein, involving this family of transcription factors. In the absence of extensive mutational analyses, human polymorphisms corresponding to missense mutations could FIG. 4 .-Functional evolution of Otx genes in chordates. The phylogeny shown is a consensus, but the basal position of Urochordates and the monophyly of the Cyclostomes remain controversial. The major changes in the structure or the function of Otx genes suggested by this study, Germot et al. 2001, and Sauka-Spengler et al. 2001 , are indicated, together with the approximate time period when they have taken place (thick bars).
The Otx5/Crx Orthology Class in Gnathostomes 519 provide important insights into the biological significance of the constraints acting on Crx primary structure. However, all of those, which show a clear cosegregation with retinopathies, have been found in the homeodomain (positions 44, 83, and 93 [ fig. 1B]) , and more exhaustive polymorphism data are clearly needed for a more comprehensive comparison with the conservation map generated by the comparative analysis.
Conclusion
Our results provide strong evidence that the mammalian Crx genes are orthologous to the Otx5 genes characterized in chondrichthyans, actinopterygians, and amphibians. They also indicate that the presence of two genes in zebrafish and pufferfish results from an independent duplication event in actinopterygians. Finally, the high divergence displayed by the mammalian Crx genes implies that Otx5/Crx genes have undergone a very high evolutionary rate early in the mammalian lineage. These results have important implications as to the functional evolution of Otx5/Crx genes ( fig. 4) . First, they lead to a reinterpretation of the functional characterization of the zebrafish paralogs DrOtx5 and DrCrx. In this species, DrOtx5 has been shown to regulate circadian gene expression, whereas DrCrx can only transactivate retinal photoreceptor-specific genes (Liu et al. 2001; Gamse et al. 2002) . Considering our results, this divergence among paralogs may correspond to a recent partition of functions, which were both fulfilled by the Otx5/Crx ancestral gene before its duplication in the actinopterygian lineage. Such processes are likely to play an important part in the functional evolution of vertebrate multigene families (Force et al. 1999) . In line with this possibility, the Otx5 genes characterized in the dogfish and Xenopus, as well as their mammalian counterparts, share prominent retinal and pineal expression domains, which strongly suggests an ancestral role in both organs. Second, they raise new questions as to the biological significance of the high sequence divergence displayed by the mammalian Crx genes. Comparisons of expression patterns suggest that it could be linked to the loss of some ancestral functions. For instance, the dogfish and amphibian Otx5 genes are both expressed in gastrulating embryos as well as in the retinal pigmented epithelium (Vignali et al. 2000; Sauka-Spengler et al. 2001; Sauka-Spengler and Mazan [unpublished data] ). In contrast, no Crx expression has been reported in these domains among mammals, suggesting the loss of these ancestral expression territories in this taxon. Another possibility is suggested by expression patterns and functional analyses, which point to an important ancestral role of Otx5/Crx genes in the adult and embryonic pineal gland, possibly in the regulation of circadian expressed genes or in the differentiation of pinealocytes. The loss of a direct sensitivity to light in the epiphysis of adult mammals may have been linked to substantial changes in these roles, as well as in the corresponding molecular interactions, which could also account for the high divergence rate of Crx genes in mammals. In this respect, it is noticeable that relatively high divergence rates are also observed for Otx5 in the chick, a species that has lost functional photoreceptors in the pineal gland, and for the zebrafish DrCrx gene, which, as indicated above, may have lost some ancestral Otx5 roles (fulfilled by DrOtx5) in this organ. Expression pattern comparisons in a wide range of amniotes will help to test these hypotheses, but a deeper understanding of the structural and functional evolution of Otx5/Crx genes will require an exhaustive characterization of the molecular interactions involved in their different functions in the eye and in the pineal gland. The comparative analysis reported here should provide a strong structural basis for further analyses of structurefunction relationships.
